ABSTRACT: Fast neutrons are conventionally detected by scintillators of large volume, low spatial resolution and poor, if any, directional sensitivity. In this paper we present a detection technique based on the tracking of protons recoiled by fast neutrons. In this approach we use the silicon pixel detector Timepix attached in contact planar geometry to a fast plastic scintillator. The protons recoiled by neutrons in the scintillator are detected by the pixel detector while scintillation light is sensed by a 4 ⇥ 4 array of silicon photomultipliers (SiPM). Each photomultiplier is equipped with an independent amplifier and discriminator providing a fast trigger signal to the pixel detector. Variable threshold level allows adjustment of the trigger sensitivity. Single events in the pixel detector can be tagged and triggered by the scintillating detector. Position and energy sensitivity of the scintillator together with the position and the energy sensitivity of the pixel detector allow obtaining information about the position and the spectrum of the neutron source. The Timepix detector is operated with the FITPix readout interface and the Pixelman software package providing control, DAQ and online visualization. The assembled prototype has been tested with fast neutrons from a laboratory radioactive source (AmBe) and a Van de Graaff accelerator (D-T reaction). The detector architecture, comprising the Timepix device, the scintillator and the segmented SiPM, allows stacking several such units for increased detection efficiency and enhanced directional sensitivity.
Introduction
A novel technique for directional fast neutron detection is presented. We combine two different types of detectors -Timepix, a pixellated hybrid semiconductor detector with energy sensitivity per pixel, and a scintillating detector coupled to an array of silicon photomultipliers (SiPM).
The high granularity and per pixel energy sensitivity of the Timepix device provide high spatial resolution and spectral resolving power. The significant hydrogen content in the scintillating detector volume ensures reasonable detection efficiency for fast neutrons. The fast trigger obtained from the scintillator and the application of coincidence technique serve to suppress background and unwanted events and enhance the signal to noise ratio. We solved several of the shortcomings of fast neutron detection and aim to provide both direction and energy detection ability.
Pixel detector Timepix
Pixel hybrid semiconductor detector [1] consists of a radiation sensitive sensor bump bonded to a pixellated readout chip (matrix of 256 ⇥ 256 pixels with pitch 55 µm). The sensor can be made up of different materials (Si, CdTe, GaAs) and thicknesses (e.g. 300, 700, 1000 µm). Here the typical configuration of 300 µm thick silicon sensor was employed. The total sensitive area is 2 cm 2 .
Each of 65536 pixels is equipped with its own preamplifier, discriminator and 14-bit counter. Each pixel can be individually configured to operate in one of the three modes supported: counting mode which counts the number of incoming particles, time-of-arrival mode which registers the time of interaction and time-over-threshold mode which measures the energy deposited in the pixel. 
Directional detection of fast neutrons with pixellated semiconductor detector
The principle of triggered detection of fast neutrons with the pixel detector Timepix coupled to a plastic scintillator with single photomultiplier has been demonstrated [2] . The layout of this setup and detection response with and without coincidence is shown in figure 1 [2] . The advantage of the coincidence technique for background and unwanted event suppression is apparent.
The recoiled proton behaves as a billiard ball recoiling with identical mathematical description. The energy and direction of the elastically scattered neutron can be calculated from the energy and direction of the recoiled hydrogen nucleus when the position of the neutron source is known. A multilayer approach was tested to get information on both the neutron energy and direction [3] . A neutron entering the first scintillator undergoes a collision and transfers part of its energy to the recoiling proton. The interaction point and direction is recorded by the first pixel detector. The scattered neutron moves on with changed trajectory. A collision in the second layer generates the second recoiled proton whose detection in the second pixel detector determines the second point. The neutron source lies in the scattering plane defined by the two interaction points and the vector of direction of the first proton. The intersection of these planes is in the forward direction to the source (figure 2).
Enhanced fast neutron detector 2.1 Detection architecture
The detection principle based on the triggered detection and tracking of the proton recoiled from neutron converter is used. The geometry layout is also adapted to maximize the probability that the recoiled proton reaches the pixel detector. When a neutron interacts in the scintillator, the signal produced by the recoiling proton is registered. The isotropic emission of the light allows its detection in other than the forward direction into which the proton was recoiled. Therefore, the SiPM array is placed at the front side of the scintillator. The schematic diagram of the detection architecture is depicted in figure 3 . 
Scintillating light detection
Information about the neutron collision provided by the plastic scintillator (polystyrene doped by 2% pTP and 0.03% POPOP) can be used to further enhanced event discrimination. The detection of the recoiled proton can be thus driven by the trigger signal from the scintillator which starts the charge measurement in the pixel detector. The detector does not need to be polled periodically as the data are read out only when the collision occurred. The background signal is thus suppressed. Given the size of the pixel detector the plastic scintillator with the similar area is employed -size 14 ⇥ 14 ⇥ 0.7 mm 3 . The SiPMs are mounted on the large opposite side to the pixel detector. The 4 ⇥ 4 array of silicon photomultipliers (ArraySL-4 from SensL) is optically connected to the scintillator. The spectral response of the scintillator has maximum about 470 nm and fits the radiation spectrum of the used photomultipliers. Four central segments of the SiPM array are led to a bank of two-stage voltage amplifier circuits with total amplification factor 100. The amplified signal is compared to an adjustable threshold voltage which allows discrimination against dark pulses and electronic noise.
Operation and configuration of coincidence
With different logic schemes the setup can be triggered on recoils occurring in different regions of the scintillator. The binary logic values from the comparators are fed into the FPGA. Coincidence or anticoincidence of the channels can be configured and managed remotely via USB connection from a PC graphical user interface. The result of the predefined logic function generates the trigger signal for the pixel detector interface FITPix [4] which starts the data acquisition process. Events are further processed after the acquisition is finished.
Assembled prototype
Construction of the first prototype consists of one detection layer combining the Timepix pixel detector, the plastic scintillator and the segmented SiPM array. The stackable structure allows for the addition of more layers to provide a multi-layer system while the compactness of the whole system is preserved, see figure 4 . Both the pixel detector and the SiPM array are operated and controlled from a single PC.
Results
The experiments were performed with 15 MeV neutrons using the D-T reaction of the Van de Graaff accelerator at the IEAP CTU Prague (figure 5a) [4] . The detector system was mounted on a rotating holder in order to change the incidence angle of the neutron beam onto the detector plane. Perpendicular and tilted positions were tested. The neutron flux at the detector was about 10 4 n/cm 3 /s. In the first test, one channel of the SiPM array (channel no. 1) was considered in the coincidence unit while the others were ignored. By triggering on channel 1 only, scintillations, thus events, which occur in the proximity of channel 1 are selected. The integral frame from Timepix shows the symmetrical region below the chosen channel while the background is suppressed in the rest of the detector (figure 5b). By running in anti-coincidence with channels 2-4, scintillations that originate in proximity to these SiPMs are rejected giving the asymmetric distribution (figure 5c).
Another measurement focused on the directional dependency of the detection. The setup was irradiated perpendicularly and then in the tilted direction (65 ). The trigger signal was generated from two adjacent SiPM channels (3 and 4) in coincidence. This selects scintillations (proton recoils) occurring in the region of the scintillator above the border between the two SiPMs. About 9000 clusters were recorded in each of the two positions. Total measurement time was 2 hours, one for each position. The integral image is shown in figure 6. Horizontal and vertical projections were made to investigate the position of centroids and projection profiles.
Conclusions
The proposed concept combining a position sensitive scintillator and a semiconductor pixel detector allows for the directionally sensitive detection of fast neutrons in a single device. The proofof-principle prototype of a compact fast neutron detector with reduced number of channels was designed and successfully tested with fast neutrons of energy 15 MeV. Even the single layer device is capable to provide basic directional information without further data analysis.
Future work will focus on extension of the prototype functionality. Utilization of all the 16 channels of SiPM array will increase the exploitable area of Timepix detector. Improved coin- cidence unit will be fully configurable providing exhaustive logic combination. More detection layers will be stacked and together with improved data analysis the direction detection ability will be evaluated and further improved.
